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Introduction {#s1}
============

Atrial fibrillation (AF), which is recognized as a cause of mortality, morbidity, and quality of life impairment, is the most common sustained cardiac arrhythmia encountered in clinical practice, and its incidence is increasing rapidly worldwide.^[@EHU165C1],[@EHU165C2]^ In patients suffering from bradycardia, AF is a common comorbidity, being present in up to one-third of patients.^[@EHU165C3],[@EHU165C4]^

The best pacing mode in patients suffering from bradycardia and AF is still debated. While physiologic pacing has proved superior to single-chamber ventricular pacing in the prevention of AF, the choice between AAI and DDD pacing in sinus node disease (SND) is still controversial.^[@EHU165C5]--[@EHU165C7]^ A recent trial concluded in favour of DDD pacing, as AAI was associated with a higher AF incidence, at least in patients with a long PR interval.^[@EHU165C8]^ Moreover, patients with SND who are treated with AAI pacing may subsequently develop atrioventricular (AV) block requiring upgrade to DDD. A new pacing modality, managed ventricular pacing (MVP), has been designed to give priority to intrinsic ventricular activation, thereby minimizing the adverse effects of right ventricular pacing, while protecting patients from intermittent or permanent AV block.^[@EHU165C9]--[@EHU165C11]^ Indeed, algorithms designed to minimize ventricular stimulation have been associated with persistent AF reduction.^[@EHU165C11]^

Advanced pacemaker technology includes extensive diagnostic capabilities and a comprehensive armamentarium of atrial pacing algorithms, for preventing atrial tachyarrhythmias, and of atrial antitachycardia pacing (aATP) therapies for terminating such arrhythmias.^[@EHU165C3],[@EHU165C12],[@EHU165C13]^ Despite many studies, the real clinical impact of these algorithms is still unclear.^[@EHU165C7]^

We hypothesized that the mixed results of previous studies on the therapeutic effect of atrial preventive pacing and aATP therapies might be due to the detrimental effects induced by unnecessary right ventricular stimulation and by a less than optimal choice of study design or study endpoints.^[@EHU165C14]^ We therefore planned the 'MINimizE Right Ventricular pacing to prevent Atrial fibrillation and heart failure' (MINERVA) multicentre randomized study in order to evaluate whether a complete pacing modality, which exploits atrial preventive pacing, aATP, and MVP, might reduce mortality, morbidity, or progression to permanent AF compared with standard dual-chamber pacing.

Methods {#s2}
=======

Study design and patient population {#s2a}
-----------------------------------

The details of the design of MINERVA have been already provided.^[@EHU165C14]^ In brief, MINERVA was a multicentre, randomized single-blind controlled trial involving 63 cardiology centres in 15 countries, as listed in the [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1).

The study was approved by the Ethics Committee of all participating centres and was conducted in compliance with the Declaration of Helsinki. All patients provided written informed consent. Inclusion criteria were standard indications for permanent dual-chamber pacing and a history of paroxysmal or persistent atrial tachyarrhythmias (at least one episode of AF, atrial flutter, or atrial tachycardia in the last 12 months documented by ECG or Holter). The main exclusion criteria were third-degree AV block or history of AV node ablation, history of permanent AF, and candidacy for defibrillator or cardiac resynchronization therapy device implantation, uncontrolled hyperthyroidism, anticipated major cardiac surgery, AF ablation, or other cardiac surgery. Other exclusion criteria, common to randomized trials are reported in detail in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1).

Enrolled patients underwent standard implantation of a dual-chamber Medtronic EnRhythm™ pacemaker with bipolar leads in the right atrium and ventricle. As reported in detail in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1), EnRhythm™ is a DDDR pacemaker with specific features for (i) giving priority to intrinsic AV conduction by means of MVP (atrial pacing with ventricular backup pacing if AV-conduction fails); (ii) detecting atrial tachyarrhythmias with high sensitivity and specificity; (iii) preventing the onset of atrial tachyarrhythmias through three atrial preventive pacing algorithms; (iv) terminating atrial tachyarrhythmias by means of aATP being delivered at the onset of arrhythmia, as well during its dynamic changes towards slower or more organized rhythms (Reactive ATP). Atrial ATP could be programmed as a Ramp, consisting of a programmable number of AOO pulses delivered at decreasing intervals, or as a Burst+, consisting of a programmable number of AOO pulses followed by two premature stimuli delivered at shorter intervals.

Device implantation was followed by a 1-month run-in period (*Figure [1](#EHU165F1){ref-type="fig"}*), during which all pacemakers were programmed with MVP ON, in order to minimize ventricular pacing, and with aATP and atrial preventive pacing OFF. The run-in period was used to allow patient stabilization after implant and to verify that patients did not depend on ventricular stimulation; patients with ventricular pacing ≥95% on device check in the run-in period were excluded from the study. At the end of the run-in period, randomization was performed. Figure 1Study flow chart. PIC, patient informed consent; MVP, managed ventricular pacing; aATP, atrial antitachycardia pacing; DDDRP, atrial preventive pacing and atrial antitachycardia pacing.

Randomization, allocation concealment, and masking {#s2b}
--------------------------------------------------

The method used to generate the random allocation sequence was random sample inside each randomization block, stratified to balance out the presence/absence of AV-block and left ventricular ejection fraction (LVEF) \< 40 or ≥40%. Each patient assignment was concealed in the study website and not revealed until all baseline data had been collected and the patient was deemed eligible for randomization. The requirements for patient randomization were compliance with eligibility criteria, sinus rhythm at the time of the randomization visit, and non-dependency on ventricular stimulation. Investigators accessed patient randomization through the study website and assigned the randomization to participants who remained blind as for treatment arm.

Eligible patients were randomly assigned in a 1:1:1 manner to (i) standard dual-chamber pacing (Control DDDR Group), (ii) atrial preventive pacing, aATP, and MVP (DDDRP + MVP Group), and (c) DDDR with MVP (MVP Group).

Device programming {#s2c}
------------------

Atrial preventive pacing, aATP and MVP were OFF in the DDDR Control group while they were activated in the DDDRP + MVP group; in the MVP group, only MVP was enabled. Specific details about device programming are described in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1). Programming of the sensed, paced, and rate adaptive AV delays was performed by investigators with the aim of limiting ventricular stimulation as much as possible. Mode switching and AF detection were required to be enabled in all the three study arms. Investigators were required to avoid cross overs and to provide the therapy specified for each treatment arm.

Patient follow-up {#s2d}
-----------------

Patients underwent follow-up examination in their respective therapy groups at 3 and 6 months after implantation and thereafter every 6 months until 24th month after implantation. Last enrolled patient had 24 months of follow-up, while previous patients were followed longer. At the end of the study, a vital status check was performed by calling patients or their relatives or by contacting the local Vital Records Offices.

No medications or treatments beyond specified pacemaker programming were specifically required or prohibited in this trial, unless they were investigational or in conflict with the inclusion/exclusion criteria.

Study objectives {#s2e}
----------------

The main study objective was to compare the impact of an enhanced pacing modality (DDDRP + MVP) vs. Control DDDR pacing on the 2-year incidence of a composite clinical endpoint including all-cause death, cardiovascular hospitalization, or permanent AF. The comparisons between Control DDDR and MVP and DDDRP + MVP and MVP were pre-specified. The study was designed with a 3 arms randomization for two reasons: (i) the comparison between DDDRP + MVP and MVP allows to differentiate the impact of atrial pacing therapies from MVP, (ii) at the time of study design a pacing modality which minimizes unnecessary right ventricular pacing could not be chosen as the control group because it was not indicated by guidelines as the standard pacing mode. Even today, DDDR pacemakers without ventricular pacing minimization algorithms are still used in sinus node disease, and some reduction of RV pacing---even if less pronounced than that achievable with MVP---is obtained by programming a long AV delay or with other algorithms based on extension of the AV interval.

The occurrence of each endpoint was reported by study investigators according to pre-defined conditions and was then adjudicated by an independent Event Adjudication Committee according to the guidelines.^[@EHU165C15]^ The definition of permanent AF was based on clinical assessment by the centre investigator (long AF duration coupled with decision not to cardiovert the patient) and required AF to be documented during two consecutive follow-up visits, which per study design were separated by at least 3-month-long period. Cardiovascular hospitalization was defined as hospitalization, involving an overnight stay or during which death occurred, due to heart failure, ventricular or atrial tachyarrhythmias, angina, myocardial infarction, stroke, transitory ischaemic attacks, syncope, acute coronary syndrome, pulmonary embolism, renal dysfunction, or other cardiovascular events.

Secondary endpoints were: the single components of the composite primary endpoint, i.e. death, cardiovascular hospitalizations or permanent AF, atrial electrical or chemical cardioversions, healthcare utilization (hospitalization or emergency room visits), symptoms, quality of life (measured by means of the EuroQol-5D questionnaire), cumulative percentage of atrial and ventricular pacing, AF burden (sum of the daily time spent in atrial tachyarrhythmias stored in the device memory divided by the follow-up duration), incidence of persistent AF (at least seven consecutive days with 22 h of device-recorded AF per day or at least 1 day with an episode of AF lasting at least 22 h---and interrupted with an electrical or chemical cardioversion), and incidence of AF with pre-specified daily durations (\>5 min, \>1 h, \>6 h, \>1 day, \>2 days, \>7 days and \>30 days).

Sample size {#s2f}
-----------

The study sample size calculations have already been described.^[@EHU165C14]^ In brief, the study was dimensioned to compare the 2-year incidence of the composite endpoint in DDDRP + MVP vs. standard dual chamber pacing, based on the hypothesis of an incidence of 37% in the Control DDDR group and a 30% relative reduction in the DDDRP + MVP group, with a power of 80%, a confidence interval of 95%, and an assumed rate of loss to follow-up of 10%.

Statistical analysis {#s2g}
--------------------

All data were analysed according to the intention-to-treat principle. The analysis set included all the patients randomized and included data through the 2-year follow-up period. To analyse the risk of the occurrence of outcome events, the Kaplan--Meier method was used and cumulative hazard curves were compared by means of the log-rank test. Cox proportional-hazard models were fitted and hazard ratios (HR) with 95% confidence intervals (95% CI) were computed. An analysis adjusting for gender was repeated in order to assess the robustness of the univariable model. The proportional hazard assumptions were tested by using Schoenfeld residuals.

Atrial fibrillation burden and cumulative percentages of atrial pacing and ventricular pacing were compared by means of the Wilcoxon signed-rank test. Comparisons between baseline symptoms and symptoms at 2 years were performed by means of a logistic model, separately for each randomization group, and considering only patients with at least 24-month follow-up.

All tests were two-sided and a *P*-value \< 0.05 was considered to indicate statistical significance. Stata 12.1 (Stata Corporation, College Station, TX, USA) was used for statistical analyses.

Study oversight {#s2h}
---------------

The steering committee designed the trial. Authors evaluated the results, and wrote or reviewed this article. Data were collected by the participating centres and were analysed under the supervision of an external statistician. All authors vouch for the completeness and accuracy of the data and the analyses and for the fidelity of adherence to the study protocol.

Results {#s3}
=======

A total of 1300 patients were enrolled in the study. The first implantation procedure took place in February 2006, the last in April 2010, and the last follow-up examination in April 2012. In all, 1166 patients were randomized and followed up, as shown in *Figure [1](#EHU165F1){ref-type="fig"}*.

The baseline characteristics of these 1166 patients are shown in *Table [1](#EHU165TB1){ref-type="table"}*. Patient profile did not differ among the three groups, except for gender. Complete information about baseline medications is shown in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1). Atrial lead position was the right atrium appendage in more than 91% of patients (more details in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)). Table 1Demographics, medical history, and pacemaker indicationsCharacteristicsControl DDDR (385 patients)DDDRP + MVP (383 patients)MVP (398 patients)Demographics Male gender, *n* (%)\*205 (53.3)173 (45.2)210 (52.8) Age (years), mean (SD)73 (9)74 (9)74 (9)Medical history Previous atrial tachyarrhythmias, *n* (%) of which documented atrial fibrillation385 (100.0)383 (100.0)398 (100.0)328 (87.0)310 (82.7)344 (88.7) Persistent atrial tachyarrhythmias only, *n* (%)41 (11.2)37 (10.3)34 (8.9) Paroxysmal atrial tachyarrhythmias only, *n* (%)283 (77.3)282 (78.3)305 (79.4) Both paroxysmal and persistent atrial tachyarrhythmias, *n* (%)42 (11.5)41 (11.4)45 (11.7) Atrial tachyarrhythmias episodes number (last 12 months), median (25th--75th percentile)2 (1--6)3 (1--5)2 (1--5) Atrial cardioversions (last 12 months), *n* (%)85 (23.4)100 (26.9)100 (26.0)Hypertension, *n* (%)256 (70.0)267 (73.0)284 (73.8)Previous myocardial infarction, *n* (%)58 (16.0)42 (11.5)52 (13.8)Previous stroke or TIA, *n* (%)40 (10.6)37 (9.8)35 (8.9)Diabetes, *n* (%)71 (19.1)54 (14.7)62 (15.9)Cardiovascular hospitalizations (last 12 months), *n* (%)125 (35.3)129 (35.6)133 (35.6)Atrial tachyarrhythmias hospitalizations (last 12 months), *n* (%)90 (25.4)102 (28.1)99 (26.5)NYHA Class \> II, *n* (%)21 (5.5)11 (2.9)16 (4.0)Left ventricular ejection fraction (%), mean (SD)56 (10)57 (11)57 (10)PR interval (ms), median (25th--75th percentile)187 (160--205)186 (158--200)192 (160--210)CHADS~2~, mean (SD)1.7 (1.2)1.7 (1.1)1.7 (1.1)CHADS~2~ \> 2, *n* (%)67 (19.6)66 (19.2)63 (17.5)Baseline medications Anticoagulants, *n* (%)171 (44.7)166 (43.6)173 (44.0) Antiplatelet, *n* (%)140 (36.6)153 (40.2)160 (40.7) Anti-arrhythmic drugs class I, *n* (%)55 (14.4)66 (17.3)67 (17.1) Beta-blockers, *n* (%)129 (33.7)110 (28.9)139 (35.4) Anti-arrhythmic drugs class III, *n* (%)124 (32.4)105 (27.6)120 (30.5)Pacemaker indications Sinus node disease, *n* (%)318 (82.6)314 (82.0)334 (83.9) I or II degree AV block, *n* (%)28 (7.3)31 (8.1)24 (6.0) Transient complete AV block, *n* (%)11 (2.9)8 (2.1)11 (2.8) Other, *n* (%)28 (7.3)30 (7.9)29 (7.3)[^2]

The median (25th--75th percentile range) follow-up duration was 34 (24--45) months in the Control DDDR group, 34 (24--45) months in the DDDRP + MVP group, and 32 (23--44) months in the MVP group.

Primary composite endpoint {#s3a}
--------------------------

*Figure [2](#EHU165F2){ref-type="fig"}* shows Kaplan--Meier curves of the risk of the primary composite endpoint. Figure 2Risk of primary composite endpoint (death, cardiovascular hospitalizations, or permanent AF). MVP, managed ventricular pacing; DDDRP, atrial preventive pacing and atrial antitachycardia pacing.

The primary endpoint, which was composed of death, cardiovascular hospitalization, or permanent AF, as shown in *Table [2](#EHU165TB2){ref-type="table"}*, occurred in 102 (26.5%) patients in the Control DDDR group, 76 (19.8%) patients in the DDDRP + MVP group (HR 0.74, 95% CI 0.55--0.99, *P* = 0.04 vs. Control DDDR), and 85 (21.4%) patients in the MVP group (HR 0.89, 95% CI 0.77--1.03, *P* = 0.13 vs. Control DDDR). The risk of primary endpoint occurrence remained virtually unchanged after adjustment for gender (adjusted HR 0.73, 95% CI 0.54--0.98, *P* = 0.04, on comparing DDDRP + MVP with Control DDDR; adjusted HR 0.89, 95% CI 0.77--1.03, *P* = 0.12, on comparing MVP with Control DDDR, as reported in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)). No significant differences in the primary endpoint were found in a post-hoc analysis comparing DDDRP + MVP with MVP \[(HR 0.93 (0.68--1.26), *P* = 0.63; after adjustment for gender HR 0.93(0.68--1.28), *P* = 0.65\]. Table 2Study results (primary and secondary endpoints)Control DDDR (*n* = 385)DDDRP + MVP (*n* = 383)MVP (*n* = 398)vs. Controlvs. MVPvs. Control*n* (%)*n* (%)HR (95% CI)*P*-valueHR (95% CI)*P*-value*n* (%)HR (95% CI)*P*-valuePrimary composite endpoint Death or CV hospitalization or Permanent AF102 (26.5)76 (19.8)0.74 (0.55--0.99)0.040.93 (0.68--1.26)0.6385 (21.4)089 (0.77--1.03)0.13Secondary endpoints Death20 (5.2)16 (4.2)0.82 (0.42--1.58)0.550.87 (0.45--1.70)0.6919 (4.8)0.97 (0.71--1.33)0.84 CV hospitalization60 (15.6)53 (13.8)0.90 (0.62--1.30)0.571.13 (0.77--1.67)0.5349 (12.3)0.89 (0.74--1.08)0.23 Permanent AF33 (8.6)13 (3.4)0.39 (0.21--0.75)0.0040.49 (0.25--0.95)0.0327 (68)0.90 (0.69--1.15)0.39[^3]

Secondary endpoints {#s3b}
-------------------

The occurrence of the secondary endpoints of death, cardiovascular hospitalizations or permanent AF is shown in *Table [2](#EHU165TB2){ref-type="table"}*, in the Kaplan--Meier risk curves of *Figure [3](#EHU165F3){ref-type="fig"}C* (permanent AF) and in the Kaplan-Meier risk curves of [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1) (death or cardiovascular hospitalizations). DDDRP + MVP was associated with a considerable lower risk of permanent AF (HR 0.39, 95% CI 0.21--0.75, *P* = 0.004 vs. Control DDDR). At post-hoc analysis, DDDRP + MVP was associated with a lower risk of permanent AF compared with MVP (HR 0.49, 95% CI 0.25--0.95, *P* = 0.034 vs. MVP). The risks were virtually unchanged after adjustment for gender, as reported in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1). Figure 3Risk of AF recurrence longer than 1 day (*A*), AF recurrence longer than 7 days (*B*), and permanent AF (*C*). AF, atrial fibrillation; MVP, managed ventricular pacing; DDDRP, atrial preventive pacing and atrial antitachycardia pacing.

During the 2 years follow-up period, ischaemic stroke occurred in eight (0.7%) patients, four (1.0%) in the Control DDDR arm, two (0.5%) in the DDDRP + MVP arm, and two (0.5%) in the MVP arm. At the time of the ischaemic stroke, two patients were on oral anticoagulation (INR not known), while six patients were on antiplatelet therapy. Atrial fibrillation was detected by the device in the period preceding the stroke in six out of eight patients.

Electrical or pharmacological cardioversion of AF was performed less frequently in the DDDRP + MVP group \[1.2 patients with cardioversions per 100 patients years (95%CI = 0.6--2.3)\] compared with Control DDDR \[2.1 patients with cardioversions per 100 patients years (95%CI = 1.3--3.5), *P* = 0.011\] and with MVP \[3.4 patients with cardioversions per 100 pts years (95%CI = 2.3--5.0), *P* \< 0.001\] as shown in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1).

Atrial fibrillation risk and burden {#s3c}
-----------------------------------

During follow-up, the risk of AF longer than 1 day, AF longer than 7 days, and permanent AF was significantly lower in the DDDRP + MVP group than in the Control DDDR and MVP groups as shown in *Figure [3](#EHU165F3){ref-type="fig"}*. Also the risk of an AF longer than 2 and 30 days was significantly lower in the DDDRP + MVP group than in the Control DDDR and MVP groups, while the risk of AF longer than 5 min, 1 h, and 6 h did not differ among the three study arms, as shown in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1).

The median AF burden was 17 min/day (25th--75th percentile 0--218 min/day) in the Control DDDR group, 9 min/day in the MVP group (25th--75th percentile 0--161 min/day, *P* = 0.35 vs. Control DDDR), and was significantly lower in the DDDRP + MVP group, where it was 4 min/day (25th--75th percentile 0--66 min/day, *P* = 0.002 vs. Control DDDR, *P* = 0.032 vs. MVP).

Symptoms {#s3d}
--------

On comparing symptoms (angina, palpitations, dizziness, dyspnoea, fatigue, syncope, other) at the baseline and at 24 months, a general improvement was observed in all the study groups (at least one symptom in 83% of Control DDDR and DDDRP + MVP patients and in 82% of MVP patients at the baseline vs. 46% of Control DDDR and 47% of DDDR + MVP and MVP patients at 24 months; *P* \< 0.001 in all cases). Inter-group comparison at 24 months revealed no significant differences in symptoms, except for fatigue (20% DDDRP + MVP vs. 27% Control DDDR, *P* = 0.049; complete data in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)).

Quality of life {#s3e}
---------------

Quality of life significantly improved during follow-up in all the groups (data in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)); in particular, the EuroQoL EQ-5D VAS scores showed a slight improvement at 24 months comparing DDDRP + MVP patients vs. Control DDDR (68 ± 19 vs. 64 ± 19, *P* = 0.027; complete data in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)).

Atrial and ventricular pacing percentage {#s3f}
----------------------------------------

The percentage of atrial pacing was significantly (*P* \< 0.001) higher in the DDDRP + MVP group (median 93%, 25th--75th percentile 81--97%) than in Control DDDR (median 70%, 25th--75th percentile 39--90%) and MVP (median 73%, 25th--75th percentile 42--92%).

The ventricular pacing percentage was significantly lower in the DDDRP + MVP group (median 2%, 25th--75th percentile 0--11%) and in the MVP group (median 1%, 25th--75th percentile 0--9%) than in Control DDDR patients (median 53%, 25th--75th percentile 15--84%, *P* \< 0.001). In the Control DDDR patients, mean sensed AV delay was 216 ± 62 ms, while paced AV delay was 238 ± 54 ms (the complete distributions of programmed sensed and paced AV delays are shown in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)).

Subgroups analysis {#s3g}
------------------

The effect of treatment on the primary composite endpoint and its components was investigated in five subgroups of patients, identified as a function of gender, age, presence of AV block, LVEF, and PR interval. The results are shown in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1). There were no significant treatment-by-subgroup interactions with regard to either the primary endpoint or any of its components.

Device-related complications and cross-overs {#s3h}
--------------------------------------------

Pacemaker-related complications occurred in eight (2.1%) patients in the Control DDDR group, eight (2.1%) patients in the DDDRP + MVP group, and six (1.5%) patients in the MVP group. Nine of these complications were classified as serious: one (0.3%) in the Control DDDR group due to pacemaker syndrome, four (1.0%) in the DDDRP + MVP group, of whom two due to atrial lead dislodgement, one due to early battery depletion, and one due to back sternum pain possibly due to aATP, and four (1.3%) in the MVP group, of whom one due to altered sensing of RV lead, which was replaced, one due to RV lead dislodgement, one local infections with device replacement, and one due to pulmonary oedema, for which the association with the implanted device was not detailed.

Cross-overs from one study arm to another occurred in 35 (9.1%) Control DDDR patients, 13 (3.4%) DDDRP + MVP patients, and 27 (6.8%) MVP patients. Details of programming changes are reported in [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1).

Discussion {#s4}
==========

Main study results {#s4a}
------------------

Our study shows that a pacing system with multiple algorithms, which combines the capabilities of atrial tachyarrhythmias prevention and termination features with minimization of right ventricular stimulation (DDDRP + MVP), is superior to conventional DDDR pacing in terms of reduction of long lasting AF and of the primary endpoint composed by death, cardiovascular hospitalizations, and permanent AF. Managed ventricular pacing alone did not significantly reduce incidence of AF or of the composite endpoint, compared with the Control DDDR group. DDDRP + MVP was superior to MVP alone in reducing long lasting and permanent AF. Our interpretation of these results is that the combined effect of MVP and aATP therapies prevented the progression of atrial tachyarrhythmias to permanent AF. In our study, permanent AF diagnosis was stated by investigators and validated by an independent event-adjudication committee according to the guidelines.^[@EHU165C1],[@EHU165C15]^ The positive effect of DDDRP + MVP on arrhythmia progression is also proven by a lower use of AF cardioversions in the DDDRP + MVP group compared with Control DDDR and a lower occurrence of AF longer than 1 day, 2 days, 1 week, or 1 month, an objective finding derived from device diagnostics which has also favourable economic wimplications.^[@EHU165C16]^

Clinical implications {#s5}
=====================

In patients with previous AF who receive dual-chamber devices, a trend towards evolution to persistent or even permanent AF is well documented and the prevention of permanent AF must be considered an important objective.^[@EHU165C17],[@EHU165C18]^ Previous epidemiological studies have shown that permanent AF is associated with increased mortality and that a change in the AF pattern, i.e. evolution towards permanent AF, is an important prognostic marker for death or hospital admissions in primary care.^[@EHU165C1],[@EHU165C19]^ The importance of preventing AF progression is also stressed by a recent study on oral anticoagulants, where persistent or permanent AF were found to be associated with a higher risk of stroke and a trend towards a higher all-cause mortality than paroxysmal AF.^[@EHU165C20]^ The ASSERT trial studying a population of pacemaker patients without prior history of AF showed an association between stroke and AF episodes as short as 6 min.^[@EHU165C4]^ Moreover, very recently data from the SOS study, which analysed the risk of stroke in more than 10 000 patients implanted with a dual-chamber device, indicate that AF burden is an independent predictor of ischaemic stroke and that every additional hour of device-detected AF is associated with an increased risk of cerebral ischaemic events.^[@EHU165C21]^ DDDRP + MVP reduces AF burden and reduces the occurrence of AF longer than 1 day, which have been associated with the increased risk of stroke in the pacemaker population.^[@EHU165C22]^

In our DDDRP + MVP arm, the relative and absolute risk reductions in the primary composite endpoint, in comparison with Control DDDR patients were 26 and 6%, respectively. Therefore, the number needed to treat (NNT) in order to prevent an event over 2 years is ∼17. On considering permanent AF as an endpoint, the relative and absolute risk reductions, in comparison with Control DDDR patients, were 61 and 5%, respectively. Therefore, the NNT to prevent evolution to permanent AF over 2 years is ∼20.

Recently, two observational studies with the follow-up longer than 2 years found that rhythm control achieved by means of antiarrhythmic agents was associated with a better outcome than rate control in terms of mortality and stroke reduction.^[@EHU165C23],[@EHU165C24]^ However, it is unknown whether the long-term improvement in morbidity and mortality can be confirmed, if the effect of potential confounding factors is taken into account.^[@EHU165C25]^ In our study, successful rhythm control was achieved by means of DDDRP + MVP, as was evidenced by the lower rate of progression to permanent AF, without causing adverse effects. The result is noteworthy, since it is known from the AFFIRM data that attempts at rhythm control through antiarrhythmic agents were not entirely beneficial, in that the positive impact of sinus rhythm maintenance is offset by the adverse effects of the antiarrhythmic agents themselves.^[@EHU165C26]^

Atrial pacing prevention/termination therapies {#s5a}
----------------------------------------------

In the past, some attempts to enhance the efficacy of pacing prevention/termination therapies were based on the study of the patterns of initiation of AF, as a guide to implementing a specifically identified pacing algorithm.^[@EHU165C27]^ Unfortunately, the variability of AF onset patterns within the same patient did not allow that concept to be applied. In the present study, we tested the synergistic effect of multiple pacing algorithms available in DDDRP + MVP, which included three atrial preventive pacing algorithms for reducing atrial tachyarrhythmia incidence, two aATP therapies for terminating regular and organized atrial tachyarrhythmias and MVP for reducing unnecessary ventricular pacing.^[@EHU165C10],[@EHU165C12],[@EHU165C13],[@EHU165C28],[@EHU165C29]^

Several studies in the past tested atrial preventive or antitachycardia pacing therapies, but they found contradictory results.^[@EHU165C4],[@EHU165C6],[@EHU165C30]--[@EHU165C32]^ Two recent trials, such as the ASSERT and the SAFE studies, did not find a substantial benefit of continuous atrial overdrive pacing in preventing AF occurrence.^[@EHU165C4],[@EHU165C30]^ However, it is important to note that both these studies tested only one prevention algorithm, while MINERVA trial tested three preventive algorithms together with aATP and MVP. Our interpretation of the positive results of MINERVA trial, compared with previous studies, is based on several considerations; first, previous studies might have been influenced by the detrimental effects induced by unnecessary ventricular stimulation, which in our trial was minimized by MVP algorithms. Secondly, some of previous studies may have been limited by the use of AF burden or number of AF episodes as study endpoints, both being characterized by large inter- and intra-patient variability.^[@EHU165C33]^ Thirdly, in our study, the impact of aATP may have been higher in comparison with previous studies because of the new generation of aATP (Reactive ATP); with this new feature, the device not only attempts atrial tachyarrhythmia termination after detection but also watches for any change in the rate or regularity and then opportunistically applies aATP therapy when the episode is most vulnerable to pace termination. Finally the use of Ramp, rather than Burst+, as the first aATP therapy may have improved the efficacy of atrial tachyarrhythmias termination in comparison with previous studies.^[@EHU165C29]^

Pacing modalities in bradycardia patients with atrial fibrillation {#s5b}
------------------------------------------------------------------

The search for the most appropriate pacing modality in patients with SND, in terms of mortality, morbidity, and AF occurrence, has been the subject of many investigations.^[@EHU165C5],[@EHU165C6]--[@EHU165C9],[@EHU165C11]^ In our study, the DDDRP + MVP pacing mode reduced the primary composite endpoint compared with the Control DDDR group and reduced long-lasting AF compared with both Control DDDR and MVP pacing modes. After MOST (MOde Selection Trial) and SAVE PACe (Search AV Extension and Managed Ventricular Pacing for Promoting Atrioventricular Conduction) also a superiority of MVP alone compared with conventional DDDR pacing could have been expected.^[@EHU165C9],[@EHU165C11]^ The SAVE PACe study in particular showed that the use of one among three algorithms designed to minimize ventricular stimulation reduced the occurrence of persistent AF.^[@EHU165C11]^ In our study, the changes associated with MVP, in comparison with control DDDR arm, did not reach statistical significance either for the primary endpoint or for long-duration AF and for permanent AF (the latter despite an increased use of cardioversion). According to us, the superiority of DDDRP + MVP compared with standard DDDR pacing confirms the importance of ventricular pacing minimization^[@EHU165C9],[@EHU165C11]^ in association with aATP, while the lack of evidence in favour of MVP alone in the studied population does not contradict rather integrates SAVE PACe findings.^[@EHU165C11]^ Indeed, both in the DANPACE (The Danish multicenter randomised trial on single lead atrial vs. dual chamber pacing in sick sinus syndrome) and SAVE PACe trials, subgroup analyses showed that the occurrence of AF in the group of patients with prior AF history (the population enrolled in MINERVA) did not differ between the randomized pacing modes, respectively AAI vs. DDDR and MVP vs. DDDR.^[@EHU165C8],[@EHU165C11]^ The electrophysiological explanation of results from SAVE PACe, DANPACE, and MINERVA trials, according to us is related to the balance between two counteracting factors, AV synchrony and pacing-induced ventricular desynchronization. DDDR pacing guarantees AV synchrony but unnecessary pacing in the right ventricle may cause ventricular remodelling due to the consequent change in electrical activation and contraction pattern of the ventricles. Managed ventricular pacing preserves a normal ventricular contraction pattern, which is expected to reduce ventricular remodelling in comparison with a higher percentage of ventricular pacing, but at the costs of allowing a prolonged AV conduction. In SAVE PACe trial, ventricular pacing percentage was 99% in the DDDR group and 9% in the group with algorithms minimizing ventricular stimulation and this likely caused the significant difference observed in persistent AF.^[@EHU165C11]^ In the MINERVA trial, the Control DDDR patients had long sensed and paced AV delays and ventricular pacing percentage was 53%. Even this low value, which probably represents the unsurpassable lower limit observable in clinical practice in pacemakers without algorithms to minimize ventricular pacing, could have a role in facilitating AF, but only a non-significant trend was observed in the reduction of persistent or permanent AF in MVP arm compared with Control DDDR arm. In the DANPACE trial, all patients had preserved AV conduction at baseline and to promote intrinsic conduction in the DDDR group, the AV intervals were programmed with moderately prolonged values, with a maximum of 220 ms.^[@EHU165C8]^ That resulted in a ventricular pacing percentage of only 65% and this probably resulted in less ventricular desynchronization. On the other hand, the benefit of preserving AV synchrony in avoiding AF is well established from large randomized trials.^[@EHU165C5]--[@EHU165C7]^ In the DANPACE trial, the reason for excess of AF in the AAIR group may have been the prolonged AV conduction and AV decoupling that is often observed with atrial pacing.^[@EHU165C8],[@EHU165C34]^ This is in accordance with the finding that the benefit of DDDR pacing on AF in DANPACE was restricted to the subgroup with longer PQ interval at baseline.^[@EHU165C8]^

The limited number of device-related complications and cross overs is reassuring in terms of the safety of both DDDRP and MVP.

Limitations {#s6}
===========

The study was single-blind; therefore, the investigators were aware of the patients\' assignment to the different arms. To limit the possibility to bias the ascertainment of study endpoints both permanent AF diagnoses and cardiovascular hospitalization decisions, performed by study investigators according to pre-defined conditions, were validated by an independent event-adjudication committee on the basis of patients data and hospital admissions letters and according to the guidelines. The lower use of atrial cardioversions in the DDDRP + MVP arm was reassuring about the fact that investigators did not use cardioversions to influence the primary endpoint and that the endpoint permanent AF endpoint was unlikely to be biased.

Despite randomization, the DDDRP + MVP group contained fewer males. However, on multivariable analysis (see [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)) DDDRP + MVP remained a significant predictor of the primary composite endpoint and of permanent AF, independently from gender.

Despite investigators programmed AV pacing delays with the aim of limiting ventricular stimulation as much as possible, median ventricular pacing percentage in the Control DDDR group was 53%.

The study was designed and dimensioned to evaluate DDDRP + MVP compared with standard dual chamber pacing. The comparisons between Control DDDR and MVP and DDDRP + MVP and MVP were pre-specified. We did not perform estimations of the study power or of the sample size to perform a three-group comparison.

Conclusions {#s7}
===========

In summary in pacemaker patients with a history of atrial tachyarrhythmias, DDDRP + MVP proved superior to standard dual-chamber pacing. The 2-year incidence of the primary endpoint, composed of death, cardiovascular hospitalizations, or permanent AF, was significantly lowered through the reduction of the progression of atrial tachyarrhythmias to long-lasting and permanent AF over 2 years of follow- up.

Supplementary material {#s8}
======================

[Supplementary material is available at *European Heart Journal* online](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1).

Funding {#s9}
=======

The MINERVA trial was sponsored by Medtronic organizations of the participating countries. Funding to pay the Open Access publication charges for this article was provided by Medtronic Inc.

**Conflict of interest:** G.B. received modest speaker fees from Boston Scientific and Medtronic. J.S. received modest consultation fees from Medtronic and Boston Scientific and modest speaker fees for Biotronik and Sorin. L.M. received modest research grants and/or consultant/advisory board grants from Biotronik, Boston Scientific, Medtronic, Sanofi Sorin and St. Jude Medical. L.P. received modest research grants and/or consultant/advisory board grants from Boston Scientific, Medtronic, and St. Jude Medical. H.P. received modest research grants and speakers bureau grants from Medtronic. M.S. received modest research grants and/or speaker fees from Biotronik, Medtronic, and St. Jude Medical. R.T. received modest research grants and/or consultant/advisory board grants from Medtronic. A.G. and L.M. are employees of the Medtronic Clinical Research Institute, an entity within Medtronic Inc. The other authors have no conflicts of interest.

Supplementary Material
======================

###### Supplementary Data

The authors thank Nicoletta Grovale, M.S., Federica Gavazza, M.S., Silvia Parlanti, M.S., Marco Vimercati, M.S., and Walter Bernardini, M.S., all Medtronic Inc employees, for study management activities and for data management technical support.

[^1]: Investigators (the complete list of MINERVA Investigators is in the [Supplementary material online, Appendix](http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehu165/-/DC1)).

[^2]: \**P* \< 0.05 DDDRP + MVP vs. the other two groups; MVP, minimal ventricular pacing, SD, standard deviation, NYHA, New York Heart Association, TIA, transient ischaemic attack.

[^3]: MVP, managed ventricular pacing; CV, cardiovascular; AF, atrial fibrillation; CI, confidence interval; HR, hazard ratio.
